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To explain experimentally observed oscillatory dynamics of highly efficient process of excitation energy transfer
(EET) in Fenna-Matthews-Olson (FMO) complex, most theoretical models assume the same local protein
environment around all the bacteriochlorophyll-a (BChla) sites, contradictory to the structural analysis of
FMO complex. Using different values of pigment-protein couplings for different BChla sites, measured in
the adiabatic limit of electron transfer, we theoretically investigate the effect of inhomogeneous local protein
environment on excitation energy transfer. By employing non-Markovian master equation we demonstrate
that the asymmetric system-bath coupling leads to the results consistent with the experimental observations.
Quantum dynamical simulation suggests that the correlated fluctuations preserve the oscillation of excitation
for long time-scales. Further different BChla sites have asymmetric time-scales of oscillations of excitation
due to in-homogeneous pigment-protein couplings also.
PACS numbers: 82.20Wt, 82.20Rp, 82.53Ps, 87.15H-
Keywords: Excitation energy transfer, Pigment-protein coupling
I. INTRODUCTION
Photosynthesis is the basic energy source for living or-
ganism on this planet, with extremely interesting secre-
tive functionality. Through a number of different physio-
chemical mechanisms, it harvests the solar energy to pro-
duce the biomass for living organism using carbon diox-
ide and water1,2. During photosynthesis, solar photons
are first absorbed at the antenna by one of the pigment
of light harvesting complex. Thereafter, solar energy is
transferred through a series of pigments in the form of
their electronic excitation energy to the reaction centre,
where the relevant chemical reaction takes place. Al-
though the detailed dynamics of the initial stages of the
photosynthesis is still unknown, it promises the solution
to renewable energy needs of future3–8.
Light-harvesting complexes (LHCs) which contain sev-
eral light absorbing molecules called chromophores have
attracted much research interest in recent times9–12. One
of such complexes, the Fenna-Matthews-Olson (FMO)
complex13, is a trimeric light harvesting complex, with
each monomer containing seven bacteriochlorophyll-a
(BChla) pigments nested within β-sheets and α-helices
from protein9,14–16. Recent attraction towards the
FMO complex is due to the observation of quan-
tum characteristics in the dynamics of this complex.
Through two-dimensional Fourier transform electronic
spectroscopy17,18, a wave-like electronic excitation en-
ergy transfer (EET) in this complex is observed, that
is originally explained as a reminiscent of quantum co-
herence in the complex19,20. Time scale for which these
oscillations persist, is a significant fraction of the total
a)Electronic mail: davinder.singh@iitrpr.ac.in
transport time of EET in FMO. It implies that the trans-
port of excitation energy through the FMO complex is a
coherent phenomenon, and the EET should not be con-
sidered as an incoherent hopping9.
The EET in photosynthetic complexes is mainly char-
acterized by three different parameters21: (a) BChla site
energies: although chemical composition of all the seven
BChla of the FMO complex is the same, due to different
protein environment of each BChla site, their site ener-
gies are different22. (b) Pigment-pigment coupling: this
represents the Coulomb interaction between two BChla
sites in the dielectric environment22. (c) Pigment-protein
coupling: this is the coupling between the BChla site
and its protein environment. In many of the previous
studies23–46 to understand the oscillatory dynamics of
EET in FMO complex, the third parameter is often over-
looked. It must be noted that the dissipation rate due to
environment is a function the pigment-protein coupling
and is relevant to the efficiency of EET in FMO complex.
Moreover, the dephasing or decoherence of the BChla
sites is important to consider, that also depends upon
this coupling. Therefore, careful treatment for pigment-
protein coupling is warranted in order to mimic the real-
istic protein environment for each BChla site.
In the previous theoretical reports23–46, the local envi-
ronment of each Bchla site in FMO complex is assumed
to be the same. Hence, the coupling of all the different
BChla sites with the protein environment is considered
to be identical. But there are significant local differences
in the protein structure around each BChla site9,47. For
example, the protein around the BChla 2 is open to the
solvent and central Mg atom of BChla 2 has strong co-
ordination with water molecule, while in the opposite
case, the BChla 7 is buried deeply in the protein and its
Mg atom has poor coordination with surrounding. Now
the BChla 2, which lies at protein solvent interface, have
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2strong interaction (hence strong coupling) with the en-
vironment due to solvating water molecule as compared
to the BChla 7, which lies deep inside the protein. It
implies that the pigment-protein couplings of all the dif-
ferent BChla site in FMO complex must be different.
In this paper, we consider the effect of site-specific
pigment-protein couplings on the EET in the aidiabatic
limit. In this limit, the time-scale tel of electronic wave
function to move from the donor BChla site to a degen-
erate acceptor BChla site is much less than the charac-
teristic time-scale tvib for vibrational motion
21. We use
these different values of pigment-protein couplings to ex-
plore how the local differences in the protein structure
around each BChla site affect the energy transfer in this
complex.
This paper is organized as follow: In section II we in-
troduce the Hamiltonian used to describe the FMO com-
plex and the relevant non-Markovian master equation.
Next in section III, we present the solution of this equa-
tion and compare the results for different sets of interac-
tion strengths. Finally we conclude the paper in section
IV.
II. MODEL
To describe the EET in FMO complex, each jth BChla
site is modelled as a two-level system with relevant energy
levels |ej〉 and |gj〉 as illustrated in figure 1. In FMO
FIG. 1: The schematic on left illustrates the interaction
of two BChla sites. On the right is the effective
two-level system formed from a pair of interacting
BChla sites.
complex, to check the dynamics of EET only, the single
excited state is accountable43,48. In this effective site-
basis, the total Hamiltonian can be written as
H = HS +HB +HSB , (1)
where the system Hamiltonian HS is given by
HS =
m∑
i=1
(
~
2
iσ
i
z + ~∆iσix
)
. (2)
Here σz and σx are the usual Pauli spin matrices, m
denotes the number of two-level systems, i represents
the energy difference between states |i−1〉 and |i〉 and ∆i
is the tunnelling frequency between the ith and (i− 1)th
BChla sites.
The bath is modelled as a set of harmonic oscillators
and the relevant Hamiltonian can be written as
HB =
∑
k
~ωkb†kbk , (3)
where bk and b
†
k are the annihilation and the creation
operators for the kth mode, respectively.
At present, there is no direct experimental method to
get accurate information about the interaction of phonon
modes (same or different) with the BChla sites in FMO
complex. The fluctuations in the site energies of differ-
ent BChla sites may be uncorrelated if different BChla
sites couple to different phonon modes36. Based on this
assumption, efforts with uncorrelated fluctuations have
been made by a number of authors with35–42. Consider-
ing the different bath modes for the different BChla sites,
the standard spin-boson interaction can be described by
the following Hamiltonian:
HSB =
m∑
i=1
∑
k
~
2
σizgik(bik + b
†
ik) . (4)
where gik is the coupling constant between the ith two-
level system and the kth bath mode.
On the other hand, if all the BChla sites couple to
the same phonon mode, the fluctuations in the site en-
ergies may be correlated36. On the basis of conjecture
of correlated fluctuations49,50, several theoretical models
have been proposed for the same phonon mode for all
the BChla sites in FMO complex43–46,51. The standard
spin-boson interaction Hamiltonian with the assumption
of same phonon mode for all the BChla sites, can be
written as
HSB =
m∑
i=1
(
~
2
σiz
∑
k
gik(bk + b
†
k)
)
. (5)
Using the above Hamiltonian in equation 1, the time-
evolution of the density matrix of the FMO complex
can be described by the following master equation in
Schrodinger picture52,53:
ρ˙ = − i~ [HS , ρ]
+ 14
m∑
i,j
{(
σjzρσ
i
z − ρσizσjz
)
DKiKj (t)
+
(
σjzρσ
i
z − σizσjzρ
)
D∗KiKj (t)
+
(
σizρσ
j
z − σjzσizρ
)
UKiKj (t)
+
(
σizρσ
j
z − ρσjzσiz
)
U∗KiKj (t)
}
.
(6)
The time-dependent coefficients, which contain the in-
formation about system-reservoir correlation, render the
equation non-Markovian and are given by
DKiKj (t) =
∫ t
0
dt′
∫ ∞
0
dωJKiKj (ω)n¯(ω, T )e
−iω(t−t′) , (7)
UKiKj (t) =
∫ t
0
dt′
∫ ∞
0
dωJKiKj (ω)[n¯(ω, T ) + 1]e
−iω(t−t′) ,
(8)
3where
n¯(ω, T ) =
1
e
~ω
KBT − 1
is the average number of phonons for a harmonic oscil-
lator with the frequency between ω and ω + dω in the
thermal equilibrium at temperature T . JKiKj (ω) is the
spectral density which contains the information about
frequencies of the bath modes and the coupling of these
bath modes with system. For electron transfer reactions
in FMO complex, it is convenient to use Ohmic spectral
density21,43,48. We use43,54,55 the form of this spectral
density as
JKiKj (ω) = 2Ki,jω
(
ω
ωci,j
)(s−1)
e−ω/ωci,j ,
where ωci,j is the corresponding cut-off frequency, Ki,j =√
KiKj , Ki = g
2
ik and we choose s = 1, corresponding
to Ohmic spectral density. Note that the reorganisation
energy λ, for Ohmic spectrum, is related to the damping
strength Ki,j as
54.
λi,j = 2Ki,jωci,j . (9)
III. PATHWAYS OF EET DYNAMICS
As the FMO complex is a trimer with identical sub-
units, the coupling between BChla’s of two different
monomeric subunits is small, the decay of coherence be-
tween them due the environmental de-phasing is very
rapid22. Hence inter-subunit coupling is assumed to very
small and the EET is considered within one subunit36.
On the basis of theoretical prediction22 and experimental
observation56, the spatial distribution of BChla’s inside
the monomeric subunits of FMO complex is known. In-
side a monomeric subunit, BChla’s are oriented in such a
manner that BChla 1 and BChla 6 are close to the chloro-
some antenna and BChla 3 and BChla 4 are close to the
reaction centre. The absorption of the baseplate BChla in
FMO complex of Chlorobium tepidum occurs at an en-
ergy 12500 cm−1, which lies between the site energies of
BChla 1 (12410 cm−1) and BChla 6 (12630 cm−1)22,57,58.
So any excitation energy which is absorbed by the base-
plate BChla of the chlorosome antenna, will be shared be-
tween the BChla 1 and BChla 6. Then through the path-
ways, suitably optimised in order to minimise the loss,
this excitation energy will reach the BChla 3 or BChla 4,
thereafter to be harvested by the reaction centre. The-
oretical calculation of excitonic coupling indicates that
there are two pathways22 which are further confirmed by
Brixner et al. with 2D electronic spectroscopy59,60. Be-
low, we study the EET through these two pathways.
A. The First Pathway
Although the FMO complex has two BChla sites to
receive the excitation energy from baseplate, the lower
value of the site energy of BChla 1 as compared to the
baseplate BChla (as shown in figure 2) makes it easy for
BChla 1 to get excitation energy. On the basis of exci-
tonic coupling between different sites as given by Adolphs
and Renger22, it is assumed that excitation at BChla 1
will be transferred to BChla 2 and BChla 6. The relevant
pathway is displayed in the figure 2.
FIG. 2: Site energies of Bchla’s in the monomer of FMO
complex and the first pathway of excitation energy
transfer. Double line indicate strong pigment-pigment
coupling(∆ > 60cm−1), single line indicate medium
pigment-pigment coupling (30cm−1 < ∆ < 60cm−1)
and dashed line implies weak pigment-pigment coupling
∆ < 30cm−1). Values in the parentheses are local
environmental reorganization energies.
The oscillations of excitation in FMO complex, as ex-
perimentally observed, implies adiabatic electron trans-
fer. Electron transfer dynamics occurs in the adiabatic
limit54, defined by
2∆i
ωci,j
≥ 1 . (10)
It is evident from equations 9 and 10 that in the
adiabatic limit, pigment-pigment coupling ∆i is inversely
proportional to the pigment-protein coupling Ki,j . So if
two BChla sites couple strongly with each other, they
couple weakly with the environment and vice-versa.
1. Different Bath Modes
In the case of interaction of different BChla sites with
different bath modes, the cross terms Ki,j (i 6= j) are
not relevant, reflecting the consideration that the bath
modes, local to each BChla site are not correlated to each
other. This simplifies the master equation (6), in which
the the sum over i and j reduce to sum over the index
4i only. In the table I, the relevant non-zero pigment-
protein coupling terms are displayed. Note that in this
case, we use43
2∆i
ωci,j
= 1.052 . (11)
Different values of pigment-protein couplings and cut-
off frequencies are obtained (see the Table I) by us-
ing equations 9 and 11, where we choose the same re-
organisation energy for all the BChla sites as used by
Fleming et. al.36 (λ = 35 cm−1), in order to compare
our results.
TABLE I: Parameters used to simulate the first
pathway, when different BChla sites interact with
different phonon modes. Same re-organization energy is
used for all BChla sites.
Pigment-protein couplings Cut-off frequencies (in cm−1)
K1,1 = 0.1050 ωc1,1 = 166.7265
K2,2 = 0.2989 ωc2,2 = 058.5539
K3,3 = 0.1721 ωc3,3 = 101.7089
K4,4 = 0.6719 ωc4,4 = 026.0451
K5,5 = 0.5415 ωc5,5 = 032.3187
We solve the non-Markovian master equation 6 and
simulate the population dynamics. In figure 3, we show
the temporal evolution of the occupation probability of
the sites along the first pathway at cryogenic temperature
77 K. With the use of different values of pigment-protein
couplings for the initial excitation to BChla 1 (dashed
curves in figure 3), we observe the time scale for which
the oscillations of excitation exist is about 425 fs, less
than experimental findings19. It suggests that the cou-
pling to different phonon modes gives rise to the shorter
oscillatory time-scales and the uncorrelated fluctuations
are not therefore able to preserve oscillations of excita-
tion for the time-scale observed in experiment19.
Generally, the experimentally observed EET dynam-
ics refers to a model that assumes all the BChla sites
to have the homogeneous local environment36. In order
to compare our results with this over-simplified model,
we assume that all the BChla sites couple to the same
pigment-protein coupling K = 0.105 (corresponding to a
phonon relaxation time τc = 50 fs) and study the EET
dynamics using equation 6 (solid curve in figure 3). We
observe that the time-scale of oscillations of EET is of the
order of 600 fs, which is closely matching with the results
obtained by Ishizaki et. al.36. Hence the over-simplified
treatment of this kind, based on the contradictory as-
sumption of homogeneous protein environment around
all the BChla sites, reveals long-lasting oscillations even
with uncorrelated fluctuations. While in the real situa-
tion of inhomogeneous protein environment, uncorrelated
fluctuations give short time-scale of oscillations, as shown
by the dashed curves in figure 3. Therefore, as obvious
FIG. 3: (Color online) Excitation energy transfer
dynamics of the first pathway at cryogenic temperature
T = 77 K, when different BChla sites interact with
different phonon modes. Dashed curves give EET
dynamics computed using different values of
pigment-protein couplings for different BChla sites.
Solid curves refer to the population dynamics obtained
using same value of pigment-protein coupling for all the
BChla sites. We choose ω0 = 100 cm
−1 for
normalization.
from the above study, one needs to consider the corre-
lated bath fluctuations, to correctly mimic the realistic
situation of inhomogeneous protein environment, which
we will study in the following.
2. Common Bath Modes
Assuming the coupling of all the BChla sites with the
same bath mode, different values of pigment-protein cou-
plings and cut-off frequencies are obtained (see the Table
II) by using equations 9 and
2∆i
ωci,j
= 1 . (12)
In order to consider the environmental asymmetry
around different BChla site, we consider different val-
ues of re-organization energies for different BChla sites
following Coker et. al.47 (see figure 2).
Again the non-Markovian master equation 6 is solved
to study quantum dynamics using the different pigment-
protein couplings of the Table II.
Temporal evolution of excitation energy along the first
pathway is shown in figure 4 for different temperatures.
Considering only the BChla 1 to be populated initially,
one obtains a large-amplitude population oscillations be-
tween BChla 1 and BChla 2, which exist for 650 fs at
5TABLE II: Parameters used to simulate the first
pathway, when all BChla sites interact with same
phonon mode. Different values of re-organization
energies are used for different BChla sites.
Pigment-protein couplings Cut-off frequencies (in cm−1)
K1,1 = 0.0656 ωc1,1 = 175.4000
K2,2 = 0.1948 ωc2,2 = 061.6000
K3,3 = 0.0701 ωc3,3 = 107.0000
K4,4 = 0.2646 ωc4,4 = 027.4000
K5,5 = 0.1985 ωc5,5 = 034.0000
K2,1 = 0.1130 ωc2,1 = 103.9823
K3,2 = 0.1169 ωc3,2 = 083.4046
K3,1 = 0.0678 ωc3,1 = 140.1180
K4,3 = 0.1362 ωc4,3 = 054.1483
K4,2 = 0.2270 ωc4,2 = 042.4009
K4,1 = 0.1317 ωc4,1 = 071.1845
K5,4 = 0.2292 ωc5,4 = 030.5410
K5,3 = 0.1180 ωc5,3 = 060.3814
K5,2 = 0.1966 ωc5,2 = 047.6857
K5,1 = 0.1141 ωc5,1 = 079.9737
a cryogenic temperature T = 77 K and last for more
than 300 fs at room temperature T = 277 K, which are
in conformity with the experimental results19,20. Our
dynamical studies show that correlated fluctuations pre-
serve the oscillations of excitation for long time and
provide the same time-scale of oscillations observed in
experiments19,20. It reveals that local protein environ-
ment, which we mimic by different values of pigment-
protein couplings, show us more accurate mechanism of
EET in which correlated fluctuations play an important
role. To check the dynamics of EET along second path-
way, we will consider the coupling to the same phonon
mode only.
Further, a large-amplitude population oscillation be-
tween BChla 1 and BChla 2 exists for the longest time.
As the tunneling frequency between BChla 1 and BChla
2 is highest, so they interact very strongly with each
other. Now in the adiabatic limit of excitation trans-
fer, if two BChla sites interact very strongly with each
other, their interaction with the environment becomes
weak and vice-versa. Hence the de-phasing and dissipa-
tion due to environment becomes very weak, leading to
large amplitude oscillations of excitation between BChla
1 and BChla 2 persisting for long times. We observe a
small-amplitude oscillatory dynamics of populations in
BChla 3 and BChla 4.
We also observed that the pigment-pigment coupling
plays the major role in selecting the pathway, sometimes
overshadowing the role of the BChla site energy. For
example, although the site energy of BChla 2 is more
than that of BChla 1, population moves from BChla 1 to
BChla 2 due to large pigment-pigment coupling between
them. We find that this kind of uphill migration, the
transfer of excitation from low energy site to high energy
site, delays the excitation energy transfer process and
hence the robustness. Moreover, the selection of path-
FIG. 4: (Color online) Excitation energy transfer
dynamics of the first pathway at cryogenic temperature
T = 77 K [(a)] and at room temperature T = 277 K
[(b)], when all BChla sites interact with identical
phonon mode.
ways is totally independent from pigment-protein cou-
pling and protein environment as has been observed in
earlier works also22,35,36.
B. The Second Pathway
A large value of the site energy of BChla 6 as com-
pared to the baseplate BChla (as evident from figure
5) requires more attention to convey electronic excita-
tion energy through BChla 6. According to the detailed
balance condition between BChla 6 and the baseplate
BChla, if the de-excitation of BChla 6 were long last-
ing, the excitation could easily come back to the base-
plate BChla. To get rid from this backward excitation
6transfer, BChla 6 needs to transfer its excitation to other
BChla’s as quickly as possible36. This condition is satis-
fied by having BChla 6 be strongly coupled to BChla 4,
BChla 5 and BChla 7. Both BChla 5 and BChla 7 are
also strongly coupled to BChla 4 and BChla 4 is strongly
coupled to BChla 3. We consider this as the second path-
way.
FIG. 5: Site energies of Bchla’s in the monomer of
FMO complex and second pathway of excitation energy
transfer.
Again in the adiabatic limit of EET, and considering
the coupling to same phonon mode, the pigment-protein
couplings and the cut-off frequencies are calculated (with
the different values of re-organization energies, see figure
5) from equations 9 and 12 for the second pathway and
are listed in the Table III.
The time-dependent occupation probabilities of differ-
ent BChla sites of the second pathway are shown in figure
6, assuming the BChla 6 is initially populated. It is evi-
dent that excitation energy is quickly distributed between
all the levels, which indicates fast de-localization of the
excitation energy over all the BChla sites of the second
pathway irrespective of the temperature. As the site en-
ergies of all the BChla sites of second pathway are less
than the linker pigment BChla 6, so the downhill migra-
tion (transfer of excitation from high energy site to low
energy site) increases the robustness of this pathway. In-
terestingly, the times of oscillation of excitation are little
less as compared to the first pathway at all temperatures.
As all the pigment-pigment couplings of second pathway
are less as compared to pigment-pigment coupling be-
tween BChla 1 and BChla 2, again in the adiabatic limit,
they interact strongly with environment, hence time-scale
of oscillation is less. Moreover we observe that for both
the pathways, the amplitude of oscillations increases with
increase in pigment-pigment coupling and with decrease
in temperature, while the frequency of oscillations re-
mains independent of both these parameters.
TABLE III: Parameters used to simulate the second
pathway, when all BChla sites interact with identical
phonon mode. Different values of re-organization
energies are used for different BChla sites.
Pigment-protein couplings Cut-off frequencies (in cm−1)
K1,1 = 0.0385 ωc1,1 = 162.2000
K2,2 = 0.1071 ωc2,2 = 079.4000
K3,3 = 0.1985 ωc3,3 = 034.0000
K4,4 = 0.0426 ωc4,4 = 141.0000
K5,5 = 0.0652 ωc5,5 = 126.6000
K6,6 = 0.0701 ωc6,6 = 107.0000
K2,1 = 0.0642 ωc2,1 = 114.8754
K3,2 = 0.1458 ωc3,2 = 052.2977
K3,1 = 0.0874 ωc3,1 = 074.3707
K4,3 = 0.0920 ωc4,3 = 069.2935
K4,2 = 0.0675 ωc4,2 = 107.4074
K4,1 = 0.0405 ωc4,1 = 151.2346
K5,4 = 0.0527 ωc5,4 = 135.1992
K5,3 = 0.1138 ωc5,3 = 065.9051
K5,2 = 0.0836 ωc5,2 = 100.1794
K5,1 = 0.0501 ωc5,1 = 144.7106
K6,5 = 0.0676 ωc6,5 = 116.4941
K6,4 = 0.0546 ωc6,4 = 123.6264
K6,3 = 0.1180 ωc6,3 = 060.3814
K6,2 = 0.0866 ωc6,2 = 092.3788
K6,1 = 0.0520 ωc6,1 = 132.2115
IV. CONCLUSIONS
In conclusions, we study the temporal and spatial dy-
namics of EET, by employing a non-Markovian master
equation. We demonstrate the sensitivity of EET dy-
namics in FMO complex to the difference in local pro-
tein environment around different BChla sites. We have
found that the time scale for excitation oscillation as
observed in the experiments can be modelled either by
using the same pigment-protein coupling constant with
local bath modes or by using different pigment-protein
coupling constants with the common bath modes. As
the local protein environment of different pigment sites
are different, we emphasize the use of common bath
modes with different coupling constants. This further
illustrates the importance of correlated fluctuations, pre-
dicted previously. Dynamical simulation, in real protein
environment, suggest that large amplitude oscillations
of excitation persist between those BChla sites which
have weak coupling with the environment. Due to in-
homogeneous environment, each BChla site has different
pigment-protein coupling, hence time-scales of oscillation
are different for different BChla sites. These differences in
the oscillatory time-scales of individual BChla site should
be observable, by changing dissipative characteristics of
local environment around different BChla sites. Further,
we have shown that the downhill migration of excitation
increase the robustness of EET dynamics. This indicates
a new flowchart of excitation energy transfer - the path-
way without any energetic minima should be more robust
7FIG. 6: (Color online) Excitation energy transfer
dynamics on the second pathway at cryogenic
temperature T = 77 K [(a)] and at room temperature T
= 277 K [(b)], when all BChla sites interact with same
phonon mode.
as compared to the pathway with energetic minima.
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